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This report presents results of a quantitative field study of amphipods and other invertebrates found in
four cave streams in Illinois' Salem Plateau.
We conducted field experiments in Illinois Caverns which indicated that Gammarus troglophilus
Hubricht and Mackin (Amphipoda: Gammaridae) and Gammarus acherondytes Hubricht and Mackin,
the federally endangered Illinois Cave Amphipod, both preferred larger (12.7 to <50.8 mm) gravels
over smaller (2.36 to <12.7 mm) gravels in individual trials, and this preference did not vary
significantly with size of the amphipods.
We also investigated microhabitat usage of the amphipods as determined by substrate size
distributions and densities of other invertebrates in monthly sampling during a year-long study.
Stream gravel size distributions varied among the four cave study sites, as did the composition and
abundance of the community of crustaceans and other invertebrates. Variations in abundance and size
of the amphipods Crangonyxforbesi (Hubricht and Mackin) (Amphipoda: Crangonyctidae), G.
acherondytes and G. troglophilus were explained in part by time of year, indicating that the
reproductive activity of these amphipods is influenced by seasonal factors. Gravel substrate
characteristics and the densities of other taxa, especially the troglophilic isopod Caecidotea brevicauda
(Forbes) (Asellidae), also were important in explaining the distribution of the amphipods.
Gammarus acherondytes, G. troglophilus, and C. forbesi species pairs often co-occurred in samples,
suggesting commensal and/or predator-prey relationships, or concentration of animals around limited
resources (e.g., food, shelter).
Various characteristics of the four study caves were correlated with the relative success of the Illinois
Cave Amphipod, but causal relationships could not be demonstrated from the available data. Organic
enrichment, pH, and dissolved oxygen were among the factors implicated as being potentially
important in explaining the relative abundance of G. acherondytes at the four study sites.
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Introduction
The groundwater of Illinois' Salem Plateau is home to a unique assemblage of cavernicolous
organisms (Lewis et al. 1999, Peck and Lewis 1978, Webb et al. 1994), including several species of
amphipods that co-occur in various combinations: Gammarus acherondytes Hubricht and Mackin,
Gammarus minus Say, Gammarus pseudolimnaeus Bousfield, Gammarus troglophilus Hubricht and
Mackin, Crangonyxforbesi (Hubricht and Mackin), Bactrurus barchycaudus Hubricht and Mackin,
and Stygobromus subtilis (Hubricht). Most recently, G. acherondytes has been the focus of attention
(Lewis et al. 1999, Taylor et al. 2000, Webb 1995; Webb et al. 1998; U.S. Department of the Interior
1997a, 1997b), and it was recently placed on the federal endangered species list (U. S. Department of
the Interior 1998). This species is often found in association with G. trogolophilus (Lewis et al.
1999, Webb 1995, Webb et al. 1998), a more common troglophile in caves and springs of western
and southern Illinois and eastern Missouri (Holsinger 1976, Lewis et al. 1999, Peck and Lewis 1978,
Webb et al. 1994).
Some of the other amphipods, especially C. forbesi and B. brachycaudus, may be found together
with G. acherondytes in the same caves (Lewis et al. 1999; Webb 1995; Webb et al. 1994, 1998).
While some of the the amphipods are widespread species (e.g., G. minus) others have fairly limited
distributions (e.g., G. acherondyetes, and, to a lesser extent, G. troglophilus) (Holsinger 1976). The
biology of co-occuring amphipods of several species in a single subterranean cave stream has been
well documented in the eastern United States (Culver 1970, 1971, 1973, 1981; Culver et al. 1991,
Holsinger 1969). Where they occur together, species of cave crustaceans may compete for resources
such as space beneath stones (Culver 1971, 1973) or food (Belcher 1985), or they may display
amensal, commensal, or predator/prey relationships (Culver and Fong 1991, MacNeil et al. 1997).
These relationships are thought to have a significant impact on the occurrence and distribution of the
species within cave streams (Culver 1970, Culver and Ehlinger 1980, Belcher 1985).
While the biology of G. trogolophilus has been examined to some extent (Belcher 1985, Jenio 1972,
1980, Weise 1953), the life history and microhabitat distribution of this species is still poorly
understood relative to some other North American gammarid amphipods. Little is known of the
biology and microhabitat requirements of G. acherondytes (Holsinger 1976) in spite of several studies
(Lewis et al. 1999; Peck and Lewis 1978; Webb 1995; Webb et al. 1994, 1998 ) which have
examined the biota of caves in the Salem Plateau. One of the other amphipods, G. minus, is very
well studied (Cole 1970; Culver 1987; Culver et al. 1994, 1995; Fong 1989; Kane and Culver 1991;
Jones 1990; Kostalos 1979; Kostalos and Seymour 1976; Gooch and Hetrick 1979; Gooch and
Weisman 1980; Holsinger and Culver 1970; Man 1991; Shoemaker 1940), but the others (C. forbesi
and B. brachycaudus) have received little attention (e.g., Belcher 1985). Previous studies of cave
amphipods and isopods (Culver and Ehlinger 1980) and epigean gammarid amphipods (Gee 1982,
Obrdlfk 1972, Rees 1972, Miller and Buikema 1977, Pringle 1982) have demonstrated a relationship
between gravel size distribution and the size distribution of the amphipods or isopods. Pringle (1982)
found that a significant portion of the size variation in Gammarus pulex (L.) was explained by a linear
relationship with substrate particle size.
The Salem Plateau is hydrologically and biotically unique. The numerous sinkholes, springs, and
caves of this area all play important roles in the flow of water in shallow groundwater conduits
(Frankie et al. 1997, Panno et al. 1996). Farming and, especially, a recent increase in rural housing
development have been implicated as threats to the shallow groundwater and subterranean fauna of
this region (Lewis et al. 1999; Panno et al. 1996, 1997; Poulson 1991; Taylor et al. 2000; Webb et al.
1994, 1996; U.S. Department of the Interior 1997a, 1998). There may be other risks (see Elliott
2000) associated with the increasing urbanization of Monroe and St. Clair counties, such as a greater
probability of groundwater contamination from spills associated with traffic accidents, as has been
demonstrated in the Mammoth Cave, Kentucky area (U.S. Department of the Interior 1983, U.S.
Fish and Wildlife Service 1988).
Data on bacterial and chemcial contamination of groundwater within the geographic range of the
Illinois Cave Amphipod are summarized by Panno et al. (1996, 1997) and Taylor et al. (2000). In
general, they document elevated fecal-associated bacterial counts and seasonally elevated agrichemical
levels in karst groundwater of Monroe and St. Clair counties. Elevated coliform bacteria levels have
been linked to increasing land development in other karst areas (Hobbs 1992, Hoey 1976). Poulson
(1991) concluded that high levels of bacterial contammination from human and livestock waste, and
associated changes in biological oxygen demand, can have serious negative impacts on the sturcture
of hypogean communities. This conclusion is supported by the work of Simon and Buikema (1997),
studying Stygobromus mackini Hubricht (Amphipoda: Gammaridae) and Caecidotea recurvata
(Steeves) (Isopoda: Asellidae) in a Virginia cave community. They found that septic system effluent
was damaging to the cave ecosystem, with C. recurvata demonstrating a higher tolerance for
groundwater pollution than S. makini. Similarly, Culver et al. (1992) showed that organic pollution
was responsible for the extirpation of the stygobitic amphipod Crangonyx antennatus Packard and the
isopods Caecidotea recurvata and Lirceus usdagalun Holsinger and Bowman from another karst
system in Virginia.
Management decisions regarding land use practices in the Salem Plateau need to take into account the
subterranean fauna. Though additional rare taxa await discovery, a fairly complete list of the cave
fauna of the Salem Plateau is available (Lewis et al. 1999, Peck and Lewis 1978, Webb et al. 1994).
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On the other hand, we know very little about the biology of the individual species and have no
quantitative data that are useful in assessing the health of aquatic cave stream communities in this karst
region. Sound managment practices would be greatly facilitated by knowing details of the ecology,
life history and habitat usage of groundwater species. Groundwater fauna in other areas have been
shown to be sensitive to environmental perturbations (Culver et al. 1992, Malard et al. 1996, Simon
and Buikema 1997). It is, therefore, imparative that we gain a good understanding of the biology of
keystone taxa in the caves of the Illinois Salem Plateau. This is especially important in the case of the
federally endangered Illinois Cave Amphipod, G. acherondytes.
As a step towards gaining a better understanding of the karst groundwater fauna of the Salem Plateau,
we present in this report the results of a quantitative field study focusing on the amphipod species
inhabiting major cave streams in four caves. In particular, we investigate the possiblity that there are
differences among the cave-inhabiting amphipod species in microhabitat usage as determined by the
size frequency distribution of substratum, and examine how populations (within species) and
communities (among species) of amphipods and isopods vary among caves and across seasons.
Methods
We quantitatively sampled amphipod and other macroinvertebrate populations in four Illinois caves
(Figure 1) which contain (Illinois Caverns, Fogelpole Cave, and Krueger-Dry Run Cave [Monroe
County]) or formerly contained (Stemler Cave [St. Clair County]) populations of G. acherondytes
(Lewis et al. 1999, Taylor et al. 2000, Webb 1995, Webb et al. 1998) once each month from April
1999 through March 2000 (a detailed enumeration of the field work is given as Appendix 1 in Taylor
et al. [2000]). From these data, we quantified the densities of various invertebrate taxa and examined
the relationship between G. acherondytes density and the densities of other taxa. We also investigated
the possibility that amphipod densities and sizes are related to the nature of the cave stream substrate.
In a separate study, we conducted choice experiments with different size classes of gravels to further
examine substrate preferences of cave amphipods.
Field Sampling
To examine differences among the cave-inhabiting amphipod species in microhabitat usage as
determined by the size frequency distribution of substratum, we used one of two sampling devices to
obtain a unit-area collection of cave stream substrate. A Hess-Canton stream bottom sampler (Canton
and Chadwick 1984), with 600 /m mesh that sampled an area of 0.086 m2 was used, as was a Surber
Sampler, which sampled an area of 0.093 m2. The Hess-Canton sampler was generally utilized when
stream stage was high (Figure 2), whereas the Surber Sampler was used for low-stage sampling.
Substrate was sampled to a depth of 5 cm, and all stones and gravel were removed, washed and
examined for macroinvertebrates. The substrate within each sample was shaken through a graded
series of U.S. standard sieves to determine size classes. Size classes were quantified volumetrically
by measuring the displacement of water in a 1000 ml graduated cylinder. For rocks too large (more
than one of three primary axes >4.5 cm) to measure in the graduated cylinder, a small plastic bucket
(7000 ml) with graduation marks was used. To allow comparisons to other studies, one set of
samples was oven dried and each size fraction was weighed and counted. These data were used to
create conversion factors from our volumetric data. Seven replicate samples were taken in randomly
selected riffles or raceways in the main stream of each cave on each visit.
Macroinvertebrate samples were initially preserved in formalin. In the lab, samples were then rinsed
with water and transferred to 70% ethanol. Amphipods were identified, sexed and their head lengths
were measured. Head length has previously been used as a measure of body size in amphipods (e.g.,
Culver 1987; Culver et al. 1994, 1995; Man 1991), and, at least for the amphipods Gammarus
lacustris (Sars) and Diporeia hoyi (Bousfield), are robust measures of biomass and body length
across seasons (Wilhelm and Lasenby 1998).
At Illinois Caverns, we attempted to identify the suitability of different gravel size classes for selected
amphipod species (G. troglophilus and G. acherondytes). Four plastic cups (475 ml), each with
seventeen 1 mm diameter holes drilled at their base, were filled with gravel of one of four size classes:
2.36 to <4.75 mm, 4.75 to <12.7 mm, 12.7 to <25.4 mm, and 25.4 to <50.8 mm. Gravels were
collected from the cave stream and sieved through graded series of standard screens. Gravel was
returned to the cave stream following the end of each day of trials. Each cup was placed in one of
four equally spaced round holes, 88 mm in diameter, drilled through the base of a plastic 19 liter
bucket such that the cups hung out of the bottom of the buckets, with only the rim of each cup holding
it in place. Each bucket was supplied with three legs, 30 cm in length - sufficient to keep the bottoms
of the cups well away from the underlying substrate. The buckets were placed in a cave stream pool
away from any disturbance such that the cups were covered with 4-6 cm of cave stream water. To
avoid disturbance, experimental trials typically were conducted on days that the cave was closed to the
public, and at a site that was upstream of the area that receives the bulk of visitation. During
experimental trials we stayed away from the buckets and did not shine lights on them. Four to eight
of these experimental chambers were used simultaneously. During each trial, a single amphipod was
randomly selected and placed in the center of a bucket. After 15 minutes, the bucket was lifted from
the cave stream and the location of the amphipod was recorded. Recording the location of the
amphipod often entailed dumping out the gravel from each of the cups into a white pan until the
location of the amphipod was discovered. A few specimens did not select a gravel size class at the
end of the trial period. These animals were given a second 'chance', and if no gravel was selected at
the end of the second trial period, they were recorded as having made no choice. After the
experimental trial, each amphipod was preserved and returned to the laboratory for identification and
measurement of its head length.
Amphipods for the gravel choice experiments were collected using baited jar traps. Nalgene jars (500
- 1000 ml) were baited with raw shrimp enclosed in smaller plastic containers so that the bait was not
removed from the traps by amphipods or crayfish. Prior to baiting the traps, the shrimp had been
allowed to spoil at room temperature. Used bait shrimp were removed from the caves for proper
disposal. Amphipods collected in baited traps were kept in a large bucket of cave stream water until
use in experimental trials. Typically, many more amphipods were collected than time allowed us to
use in experiments. Surplus amphipods were returned to the cave stream near the site of baiting.
Cave amphipods are characterized by small population sizes, low reproductive rates, and late maturity
(Dickson and Holsinger 1981, Ginet 1960, Holsinger and Holsinger 1971). Because of this, and our
own experience collecting these taxa in Illinois cave streams (Webb 1995; Webb et al. 1994, 1998)
we anticipated that numbers of specimens would be small in samples, even though the Hess and
Surber sampling protocol (above) resulted in 0.62-0.65 square meters of the stream being sampled in
each of the caves on each monthly visit - and these are among Illinois' longest caves (Frankie et al.
1997, Frasz 1983). Rickard Toomey (Illinois State Museum) has estimated the floor area of Illinois
Caverns (going only as far downstream as the "sand crawl") to be more than 4,510,559 m2 (9.62
acres) (Diane Tecic, pers. comm. 2000). If we assume that on the average the cave stream occupies
one fourth of this area, then our sampling would impact less than 0.00005% of the cave stream during
each monthly visit in this cave. Illinois Caverns has the smallest drainage basin of any of the four
caves sampled (Aley et al. 2000), although the humanly enterable portion of Stemler Cave is shorter
(Table 1).
Water Chemistry
Water chemistry data collected from a concurrent study (Taylor et al. 2000) are utilized in this report.
Specimen Identification and Curation
All specimens were sorted in the laboratories of the Illinois Natural History Survey, Champaign, and,
where possible, amphipods were identified to species, sex, developmental stage and reproductive
condition. All biological specimens are deposited in the INHS research collections.
Data Analyses
Choice experiments:
Differences between head lengths by gravel size class in the gravel choice experiments was examined
using the Kruskal-Wallis rank sum test to make nonparametric multiple comparisons. Proportions of
individuals selecting each gravel size class was examined using X2 Goodness-of-Fit tests.
Substrate Size Distribution Analysis:
Descriptive statistics on the substrate data from Hess/Surber samples generally follow those outlined
by Kondolf (1997). Substrate grain size data are usually given as "cumulative percent finer" - that is,
the percentage of a sample that is of a smaller grain size than the current size-class cutoff. Unlike
many other studys, our data are "frequency by volume" data, not "frequency by number" (pebble
counts [Wolman 1954]) or "frequency by dry weight" (bulk samples [Kellerhals and Bray 1971]), as
are more commonly used (Church et al. 1987). The volume approach was chosen because it limited
our impact on the cave systems by leaving the natural substrate in the caves. It was also more
logistically feasible to use an in-cave volume approach, as it eliminated the need to haul large
quantities of rock out of the caves. We provide a basis for comparison to other data sets with data
from samples we took out of the caves to create by number and by dry weight conversions.
For each sample, we calculated the cumulative percentage, by volume, of the sample that is smaller
than each of the following sieve screen sizes: 50.8, 25.4, 12.7, 4.75, 2.36, and less than 2.36
millimeters. Volume was determined by displacement of water in a graduated cylinder. Rocks larger
than 50.8 were also measured (length, width, depth). Rock samples were returned to the cave stream
after the above data were collected. The total volume of the large stone class (by sieving) was divided
into further size classes based on the approximate proportions of cubic volumes of stones (proportion
calculated from length/width/depth) which were less than 101.6, 203.2, and 406.4 mm in two of the
three measured dimensions (length, width, depth). These data were then used to calculate various
metrics that are commonly used in pebble analyses (Table 2).
Regression analysis was used to examine the value of various gravel metrics and densities of other
taxa in predicting the density of G. acherondytes in Surber/Hess samples for each cave. We used
forward stepwise regression with the SAS technique 'MAXR' which looks first for the one-variable
regression with the highest R2, then the two-variable regression with the highest R2, etc. When the
next regressor to be added to the model was not significant at the 0.50 level, no more variables were
added to the model. In examining the above models, we again examined the P value as an indicator of
the significance of the contribution of the next regressor in explaining variance in the model. If the
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next regressor in the model had a P>F that was >0.05, we considered the subsequent variables in the
model to be of little additional value in explaining variance. The same regression techniques were used
to examine the value of gravel metrics and time (expressed as increasing monthly integers from 1
(April 1999) to 12 (March 2000) in predicting amphipod size (as measured by head length) for each
species in each cave. These analyses were only conducted when sample size for a species in a cave
was >20. Although the regression analyses (above) are fairly robust relative to violations of
assumptions, our data do not meet all assumptions and results should be interpreted with some
caution.
We examined species diversity using the Shannon-Wiener diversity index, H' (Shannon 1948). The
value of this popular index has been questioned, and Boyle et al. (1990) recommend that diversity
indices be used only in concert with other metrics. Because H' is affected by both the distribution of
the data and by the number of categories, many users prefer to use a related measure, evenness (J')
(Pielou 1966), which corrects for the number of categories (Zar 1984). Therefore, we computed both
H' and J' for our samples. We also examined variations in species richness and a potential tool for
assessing community health, the Gammarus : troglophilic Caecidotea ratio (Whitehurst 1991 la, b).
Data analyses, including correlation, regression and general linear models procedures, were
conducted using SAS (SAS Institute 1988) and Splus (MathSoft 1999). Results of statistical tests are
considered significant at P<0.05.
Results and Discussion
Choice Experiments: Gravel Size Classes
We observed that individuals selecting the largest two gravel size classes generally moved down into
the intersticies between the gravels, where they were not visible from the surface at the end of the
experimental run. In contrast, those selecting the smallest gravel size class were usually found on the
surface of the gravel, and often appeared too large to fit into the spaces between gravels.
Measurements of identified specimens indicate that the G. acherondytes specimens used in the
experiments were generally smaller than the G. troglophilus specimens (Figure 3). Within-species
differences in head lengths between gravel size class (Table 3) were not detected for G. troglophilus
(x2=6. 3 5 34 , df=3, p=0.0956) or for G. acherondytes (x2=2 .1162, df=3, p = 0.5486) in Kruskal-
Wallis rank sum tests. Proportions of individuals selecting each gravel size class (Table 3) varied
significantly among gravel size classes for both G. troglophilus (%2 =135.3575, df=3, p < 0.0001)
and for G. acherondytes (%2=38.9187, df=3, p < 0.0001). In spite of a lack of detectable differences
in size class selection by different sizes of amphipods, these results demonstrate that both species
9
preferentially select gravels of larger size classes. Miller and Buikema (1977) have suggested that the
intersticies of the gravels may keep G. minus from being carried away by the flow of the stream.
Based on our results and observations above, the same could be true for G. acherondytes and G.
troglophilus. The importance of substrate selection is discussed in greater detail in the following
sections of this report.
Analysis of Quantitative Cave Stream Substrate Samples:
Stream gravels
Measures of central tendency of gravel size (D50o, dg, and mg) were all highly correlated within each
cave (Figure 4). Skewness (sk), sorting (sg), and size range of gravels differed among caves (Figure
4). Gravel volume (mm3) was highly correlated with weight and gravel counts within size classes
(Table 4, Figures 5, 6), thus volume serves as a suitable substitute for these more common methods
of substrate quantification.
Stepwise Regression: Amphipod Size
Gravel size class metrics and time of year (month) generally explained only a modest percentage (5-
32%) of the variation in amphipod size across the four caves (Table 5). The high level of
interrelatedness among gravel metrics (Figure 4) resulted in regression models that only included one
or two significant regressors (in bold, Table 6).
Gammarus troglophilus
In Fogelpole Cave, the size variation of G. troglophilus was best explained by seasonal differences
(Figure 7), which accounted for 27% of the G. troglophilus size variation (Table 5). The gravel size
at which 16% of the gravels were smaller (D16 ) explained a small but significant additional portion of
the G. troglophilus size variation (Table 6). Additional gravel metrics included in the model made
small incremental improvements to the Model R2, but were not considered important by our a priori
criteria. In Illinois Caverns, the greatest portion of the variance in size of G. troglophilus was
explained by the value of the graphic mean diameter (mg), which accounted for 16% of the variation
(Table 5, Figure 8). Though not considered important (P=0.0877) in the model, time of year
explained an additional 7% of the variation in size of G. troglophilus in Illinois Caverns (Table 6). In
Krueger-Dry Run Cave, the gravel size at which 16% of the gravels were smaller (D16 ) was the only
significant regressor in the model, explaining 31% of the size variation of G. troglophilus (Table 5, 6;
Figure 9). For Stemler Cave, time of year was the only variable to explain a significant portion
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(12%) of the size variation of G. troglophilus (Table 5, 6; Figure 10), though collectively, the various
gravel metrics excluded by our a priori criteria explain an additional 8% of the variation (Table 6).
Gammarus acherondytes
Three regressors explained significant portions of the size variation of G. acherondytes in Fogelpole
Cave (Table 5, 6). Time of year (month) accounted for 22% of that variation (Figure 11), with the
gravel size at which 18% of the gravels were smaller (D84 ) and the median gravel size (D50) explaining
an additional portions of the G. acherondytes size variation (Table 5, 6). For Illinois Caverns, none of
the regressors in the model were considered important by our a priori criteria, and only the gravel size
at which 16% of the gravels were smaller (D16 ) met the criteria for inclusion in the model, explaining
8% of the variation in G. acherondytes size.
Crangonyx forbesi
In Krueger-Dry Run Cave, two of the regressors in the model explained significant portions of the
size variation of C. forbesi (Table 6). Time of year (month) accounted for 32% of the C. forbesi size
variation, and median gravel size (D50) explained an additional 15% of the C. forbesi size variation in
the samples (Figure 12). In Stemler Cave, none of the regressors in the model were considered
important in explaining size variation of C. forbesi by our a priori criteria, and only the geometric
sorting index met the criteria for inclusion in the model (Table 6), explaining only 4% of the variation
in C. forbesi size.
In general, for all species and caves, we found that 12-47% of size variation of an amphipod species
within a cave could be explained by the time of year (month) and/or one or more gravel metrics (Table
6). The amphipods, then, generally exhibit a seasonality in size (Figure 13-15) which, in
conjunction with seasonality in densities (Figure 16-19), seems to reflect annual patterns in life
history.
All three species were generally represented by smaller, more abundant specimens in the springtime
(especially May and June) and fewer, larger individuals in late fall and winter months (especially
November, December, and January). In other studies, the reproductive pattern of G. minus has a
clear seasonal component in karst resurgence populations, with precopulatory pairs being most
prevalent in the winter (Culver et al. 1995, Kostalos 1979, Man 1991), and cave populations of G.
minus generally show a springtime peak in abundance of young (Culver 1971, Jones 1990).
However, a seasonal pattern is not as clear in cave populations of G. minus (Culver et al. 1995),
suggesting that the seasonality of the reproductive cycle in this species is less pronounced in cave
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forms. Our G. troglophilus data are consistent with an annual life cycle, but do not preclude the
possibility of a two or more year life cycle (Wilhelm and Schindler 2000) with seasonal reproduction.
Certainly, our data indicate that reproduction is not strictly constrained by seasonal parameters for
cave populations of G. troglophilus. Jenio (1980) found that the mean time from hatching to sexual
maturity in culture was 210 days and calculated a life expectancy of 360 days for springrun
populations of G. troglophilus. However, if the maximum survival period for an adult in culture is
used (276 days [Jenio 1980]), then the life expectancy is about 487 days (69 weeks), roughly
equivalent to the estimated life span of Gammarus pseudolimnaeus (Bousfield 1958). The presence
of young in the springtime raises concerns about the potential impacts of agricultural pesticides, which
are most frequently detected in springtime water samples (Taylor et al. 2000, Panno et al. 1996).
Younger animals typically have faster growth rates and greater metabolic demands than older animals
(e.g., Sutcliffe et al. 1981). Naylor et al. (1990) showed that smaller individuals of Asellus aquaticus
(L.) and G. pulex were more succeptible to the toxic effects of acidity (pH) and zinc than were larger
individuals. The nature of the substrate is also important, and our data suggest that, within species,
different sizes of amphipods may tend to occupy somewhat different microhabitats. Finally, the
relatively small portion of the R2 explained suggests that other parameters not included in this analysis
play an important role in determining the size distribution of amphipods at any point in space and time
in the cave stream.
Stepwise Regression: Density of Gammarus acherondytes
The seasonal variability in densities of amphipods is obvious from examination of Figures 16-19. To
investigate whether other factors might explain variation in amphipod densities, we evaluated the
explanatory value of the densities of other taxa and various substrate metrics.
The dominant factor explaining G. acherondytes densities in Fogelpole Cave was the density of G.
troglophilus, which account for nearly 59% of that variation (Table 7, 8; Figure 20). Of the other
metrics that met our criteria for inclusion in the model, none was considered important by our a priori
criteria, and nearly all accounted for less than 1% of the variation in G. acherondytes density in this
cave. In Illinois Caverns, the important regressors accounted for less than 24% of the variation in G.
acherondytes density. The density of G. troglophilus was again the most important regressor, but
explained only 9% of the G. acherondytes density varition (Table 8, Figure 21), followed by
undetermined Amphipoda (typically smaller immatures) density and the density of Chironomidae
(Table 7, 8).
In general, the density of G. troglophilus seems to be important in explaining the density of G.
acherondytes in caves where the latter species is already fairly abundant, and gravel metrics within a
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cave were relatively unimportant in this respect. The above analyses may well underrepresent the
importance of Isopoda (largely Caecidotea brevicauda (Forbes)) which clearly play a dominant role in
the stream community, especially in Krueger-Dry Run Cave, where numbers of G. acherondytes are
particularly low, thus precluding statistical explorations (Figure 22). Crangonyxforbesi also may be
important, as it is more prevalent in the sites where G. acherondytes was found to be rare (Krueger-
Dry Run Cave) or absent (Stemler Cave) (Figures 18 and 19, respectively).
Substrate particle size is thought to be important in explaining the abundance of benthic
macroinvertebrates (Minshall 1984), with numbers increasing with increasing particle size. This
relationship is complicated when samples contain heterogenous mixtures of substrate sizes (Uresk
1967), as is typical in natural systems. Our data are consistent with Minshall's (1984) review of
substrate literature: under experimental conditions, the species demonstrate a greater preference for
large gravel size classes, but such preferences were not particularly evident in data from naturally
occcuring, heterogenous samples of gravels from the cave streams. Previous studies have
documented the importance of particle size in freshwater Gammarus species (Dahl and Greenberg
1996, Gee 1979, Graga et al. 1994, Miller and Buikema 1977). Pringle (1982) found that median
particle size was negatively linearly related to the size of Gammarus pulex in an English river, and
was more important than the position of the sample on submerged gravel bars, the presence of aquatic
vegetation, current, or water depth. In addition to the importance of gravel size and heterogeneity
(e.g., our geometric sorting index and skewness), other substrate properties may also play a role in
microhabitat selection by amphipods, including particle area, substrate stability, substrate texture,
pore space, silt, and organic matter (Minshall 1984). None of these factors were examined in the
present study. Other factors such as washout rates (e.g., Culver and Ehlinger 1980), flow regime,
and food availability also were not examined.
Sex, size and eggs
Both G. acherondytes and G. troglophilus tended to be larger in Illinois Caverns than in Fogelpole
(Table 9), but the reasons for this difference are unclear. Across all samples, size distributions for G.
troglophilus and G. acherondytes were skewed towards smaller sizes, but this pattern is less clear for
C. forbesi (Figure 23). Gammarus troglophilus was represented by more larger individuals in
samples than was G. acherondytes (Figure 23).
Very few amphipod specimens with ova in the marsupium were collected (Table 10), suggesting a
relatively small portion of the amphipod populations are reproductively active. Ova were most
commonly found in the brood pouch in the winter months, which correlates well with the higher
numbers of individuals (Figures 16-19) and smaller size of individuals (Figures 13-15) observed in
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the springtime. However, the presence of ovigerous females of G. troglophilus in April and August
samples suggests that reproduction might not be entirely constrained by seasonal patterns. No
ovigerous females of G. acherondytes were obtained. The seasonal pattern of size distribution
(Figures 13-15) and abundance of individuals (Figures 16-18) suggests that ovigerous females should
be found primarily in the winter months. For G. troglophilus, smaller females generally carried fewer
ova (Table 10), and ovigerous females were generally equal to or larger in size than the average size
of all females examined (Table 10, Figure 24). There is generally a linear relationship between female
amphipod length (or weight) and brood size (Culver et al. 1995, Glazier et al. 1992, Hynes 1954,
Jenio 1980, Marchant and Hynes 1981, Mortensen 1982, Morgan and Woodhead 1984, Pockl 1993,
Steele and Steele 1972).
Jenio (1980) found ovigerous females in springrun populations of G. troglophilus throughout the
year, but noted that "During the vernal months, many immatures were in the population." Springrun
populations of G. minus in the appalachians also breed throughout the year, but show a winter peak
in breeding (Kostalos 1979). Wilhelm and Schindler (2000) document reproductive trends across an
elevation gradient for Gammarus lacustris in lakes of western Canada. They found that populations in
an alpine lake (with colder water) had females with fewer and larger eggs than lakes at lower
elevations. In the alpine lake, females took three years to reach sexual maturity, whereas the low-
elevation population reached sexual maturity in a single year. Gammarus lacustris may have a life
cycle as long as five years in this alpine environment (Wilhem and Schindler 1996). Wilhelm and
Schindler (2000) also note that some females of G. lacustris could produce a second brood the same
year. In the laboratory, Jenio (1980) found that G. troglophilus females produced two broods, and
the average number of ova in the marsupium was fourteen. The tendency of troglobites to exhibit K-
selected properties (MacArthur and Wilson 1967) such as late maturity and longer life spans (see
Poulson and White [1969] for a review of these concepts) has been demonstrated for several
troglobitic amphipods (Dickson and Holsinger 1981, Ginet 1960, Holsinger and Holsinger 1971).
The combination of long life cycles (perhaps as long as 8-10 years for Crangonyx antennatus Packard
[Dickson and Holsinger 1981]), late maturation, and low reproductive output (e.g., Jenio 1980)
makes these animals highly vulnerable to a variety of environmental perturbations. Of special concern
are the long-term affects of exposure to heavy metals and agricultural chemicals (Taylor et al. 2000).
In the present study and Taylor et al. (2000), we have identified a number of parameters that may, in
part, explain variations in G. acherondytes 'success' across the four caves (Table 1). Energy sources
associated with fecal material and accumulations of organic debris in cave streams may influence
community structure in all of the caves. The notably lower pH and lower dissolved oxygen levels in
Stemler Cave (Table 1) likely play an important role in the physiology of the amphipods. Other
factors, such as differences in specific conductivity and total dissolved solids also describe important
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components of the environment in which the animals live. However, without detailed experimental
data, it is difficult - if not impossible - to separate conditions that are only correlated with variations in
G. acherondytes from those that may play a causal role. Further, many of the parameters which are
interrelated may not be directly causal but still could arise from conditions that are important for the
amphipod. Reasons for the success (Fogelpole Cave, Illinois Caverns) or lack of success (Krueger-
Dry Run Cave, Stemler Cave) likely varies among sites, making interpretation more complex.
Some data from other studies points toward particular parameters as being important, or at least
correlated with, amphipod abundance. Glazier et al. (1992) demonstrated that both pH and specific
conductivity play an important role in explaining the presence or absence of G. minus in Pennsylvania
springs. For pH, we see evidence of a similar relationship for G. acherondytes densities across the
four caves studied (Table 1; Figures 25, 26). Hargeby and Petersen (1988) demonstrated that more
acidic (pH 6) water can increase mortality of G. pulex and that animals surviving this pH had lower
growth rates, lower food conversion, and higher body water content than G. pulex maintained at a pH
of 7.3, thus our findings may be reason for concern with regard to G. acherondytes. Specific
conductivity in all four caves we studied averaged well above the levels that Glazier et al. (1992)
associated with habitat unsuited for G. minus (generally below 100 gS/cm). Among the four caves
we examined, G. acherondytes was associated with generally colder water temperatures. Williams et
al. (1997) found populations of G. pseudolimnaeus only at cold water springs. Both pH and
temperature could be important in the susceptibility of amphipods to toxic substances. Howe et al.
(1994), using G. pseudolimnaeus as a test organism, showed that toxicity of nitrophenols decreased
and the toxitcity of trichlorfon increased with increasing pH, and that increasing temperature increased
the toxicity of the nitrophenols, trichlorfon, and terbufos to this amphipod. Brehm and Meijering
(1982) note that low pH can mobilize heavy metals, thus increasing potential for their toxicity in the
environment. Brehm and Meijering (1982) demonstrated that Gammarusfossarum Koch is more
sensitive to low pH than is Gammarus pulex.
Simon and Buikema (1997) found differences in bacterial biomass in cave pool sediments between
polluted and unpolluted pools that corresponded to differences in both amphipod and isopod densities
in the two types of cave pools. We found no obvious relationship between average fecal coliform
counts in water samples (not sediment) and the average density of G. acherondytes (Table 1).
Williams et al. (1997) showed that temperature and ammonia (NH4) were important factors in
explaining diffences in macroinvertebrate communities in Ontario springs. We found no relationship
between nitrate (N0 3 ) and the 'success' of G. acherondytes (Table 1, Figure 26). Koop and
Grieshaber (2000) also found that increasing hypo-osmotic stress resulted in increased accumulation
of NO3 in the haemolymph of Gammarus tigrinus (Sexton). Accumulations of NO 3 could have
negative effects on the animals' metabolism under anoxic conditions (Koop and Grieshaber 2000).
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Although significant differences in chloride (Cl) levels among caves were not found by Taylor et al.
(2000), those sites with the highest levels of Cl were also those where G. acherondytes was least
successful (Table 1). Williams et al. (1997) noted that G. pseudolimnaeus was only found in Ontario
springs with low Cl- levels, and Koop and Grieshaber (2000) found that inorganic ions, and in
particular levels of Cl-, potassium (K'), and sodium (Na'), affected the relative success G. tigrinus
and G. pulex.
Finally, Culver et al. (1995) noted that highly modified cave forms of Gammarus minus in the
appalachians are associated with large caves (at least 2 km in length) with large drainage basins (Ž10
km2). While this pattern is evident to some degree in the four caves we examined, G. acherondytes
has been reported from several smaller caves, including a specimen with a questionable locality label
from Madonnaville Cave (Webb et al. 1998) and, more recently, several other smaller caves (Lewis et
al. 1999), at least one (Frog Cave, 91.5 m) of which is within a rather small drainage basin.
Community and population metrics: density, diversity, evenness, richness, co-occurence, and the
Gammarus:troglophilic Caecidotea ratio
Species diversity (H') and evenness (J') were highly correlated in samples (Figure 27), and there was
a fairly strong correlation between these metrics and richness. Evenness, diversity and richness
varied significantly among caves (Table 11). Illinois Caverns was less diverse and had fewer taxa
than the other three caves (Table 11; Figures 28, 29). Lower richness may reflect lower habitat
heterogeneity and/or lower levels of available energy (Voelz and McArthur 2000). Within individual
caves, the presence of G. troglophilus or G. acherondytes was generally associated with significantly
higher values for species diversity, evenness and species richness (Table 12). Differences in
community structure are most apparent in Figure 22, where the dominance of Isopoda (primarily C.
brevicauda) in Kreuger-Dry Run Cave is highlighted. The average density of these isopods in
Krueger-Dry Run Cave was over 170 individuals/m 2. Krueger-Dry Run Cave receives input from a
long sinking stream, Dry Run Creek, which is contaminated with fecal material (Taylor et al. 2000).
We observed that our study site in Illinois Caverns was less prone to flooding than the other three
caves and had less organic matter than at least Krueger-Dry Run Cave and Stemler Cave. The Illinois
Caverns study site is probably more oligotrophic than the other cave sites, which may be an important
factor influencing community structure (Bechler 1985, Culver 1982, Elliott 2000). Both Stemler
Cave and Krueger-Dry Run Cave are prone to flooding (Taylor et al. 2000), and fresh flood debris
was regularly observed on the ceiling or high up in ceiling joints within these two caves. In contrast,
we never saw evidence that study sites in Illinois Caverns or Fogelpole Cave were exposed to such
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extreme flood pulses during this project. In addition, we observed accumulations of organic debris
(leaves, twigs, sticks and even large logs) in the streams of Krueger-Dry Run Cave and Stemler
Cave, but no large, in-stream accumulations were observed at our study sites in Illinois Caverns and
Fogelpole Cave. Such accumulations of debris in the cave streams serve as distinct food rich patches
that may tend to support less cave-limited species (Culver 1982, Shultz 1970, and Holsinger et al.
1975), such as Caecidotea brevicauda.
Average densities of amphipods for each cave were 1.06 to 6.56/m 2 for G. acherondytes (excluding
Stemler Cave), 0.26 to 2.72/m 2 for C. forbesi, and 3.68 to 38.17/m 2 for G. troglophilus (Table 13).
Culver et al. (1995) note that densities of G. minus in appalachian cave streams are generally around
10/m 2, but may be as high as 200/m 2 (Culver 1971). Densities observed in the present study, then,
are reasonable for cavernicolous amphipods.
Co-occurence frequencies were generally higher than expected (Table 14) but few of the observed
versus expected frequency differences were statistically significant. Gammarus acherondytes and
Isopoda appeared to co-occur somewhat less often than expected, and Isopoda were present in a high
proportion of the samples for all caves except Illinois Caverns (Fogelpole Cave, 92.9%; Illinois
Caverns, 34.5%; Krueger-Dry Run Cave, 90.5%; Stemler Cave, 63.6%) (Table 14). Gammarus
acherondytes and G. troglophilus co-occured significantly more often than expected in Fogelpole
Cave, while the opposite appears to be true in Krueger-Dry Run Cave (Table 14). Culver and Fong
(1991) examined co-occurence of cave crustacean species pairs in riffles and beneath individual
stones. The scale of our samples (Surber: 0.093 m2; Hess: 0.086 m 2) is somewhat larger than in their
study (riffles: mostly 30x15 cm, or -0.045 m2; stones: > 2x2 cm, or >0.0004 m2), but may be
roughly comparable to their riffle samples. Culver and Fong (1991) found that co-occurence of taxa
was generally higher than expected in riffle samples, but it was generally low for individual stones.
Our results, therefore, appear to be in agreement with Culver and Fong (1991) in that co-occurence in
samples generally was found more often than expected (as for their riffle samples). Their work, and
earlier studies by Culver (1970, 1971) suggests that we should not expect amphipod taxa to co-occur
under individual stones because of antagonistic interactions (competition and/or predator prey
relationships). Weakly positive associations of species observed in our samples might reflect
commensal realtionships, proximity of predator and prey, or concentrations of competing animals
associated with limited resources (e.g., food [organic debris or other taxa] or shelter [suitable
substrate]) (Culver and Fong 1991). It would be most interesting to follow up this work by
examining crustacean species assemblages under individual stones in the caves streams in our study
area.
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Several studies have shown that using a Gammarus'Asellus ratio as an index for assessing organic
enrichment is useful in epigean lowland rivers (e.g., Whitehurst 1991a, b; Whitehurst and Lindsey
1990). Our data (Tables 1, 11, 13; Figure 30) suggest that there are differences between caves in the
proportions of gammarids and isopods. A Gammarus:troglophilic Caecidotea ratio was calculated and
was found to differ among caves (Table 11). In spite of this significant difference, the ratio was fairly
variable within each cave (Figure 30). Also, it was not always possible to calculate this ratio (that is,
when the denominator, troglophilic Caecidotea, was zero), which is reflected in the reduced sample
sizes for this ratio relative to other parameters in Table 11. Because of these two problems (1: high
within-site variability in the ratio; and 2: it was not always possible to calculatethe ratio), this ratio
does not seem like a particularly useful management tool for assessing organic pollution in cave
streams of the Salem Plateau.
Conclusions
This study highlights the importance of substrate, seasonality, and interactions with other taxa in
explaining the distribution and abundance of amphipods in the karst groundwater of Illinois' Salem
Plateau. Our results point towards organic enrichment, pH, and oxygen levels as being among the
potentially important influences on community structure. Although much remains to be learned about
crustacean communities in these cave streams, management actions which serve to improve or
maintain karst groundwater quality are thus likely to be in the best interests of the cave stream
communities.
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Table 1. Comparison of potentially important parameters among caves where Gammarus
acherondytes appears to differ in 'success' as measured by average density of individuals per m2
(histogram bars). Mean values of N=12 (N=1 1 for some metrics in Stemler Cave) or more monthly
sampling periods, except cave length and basin area.
Fogelpole Illinois Krueger-Dry Stemler
Parameter Cave Caverns Run Cave Cave
Gammarus












per m2) 0.38 0.26 3.53 2.72
Isopoda1
dominance
(% in samples) 52.77 33.28 82.89 29.51
Gravel Metrics 2:
D16 52.92 10.82 6.98 10.95
Median grain
diameter (D5 0) 130.81 26.20 20.30 45.43
D84 198.75 54.16 40.65 99.22
Geometric mean
diameter(dg) 98.76 23.26 16.51 31.16
Graphic mean
diameter (mg) 107.71 23.95 17.65 34.93
Geometric sorting
index (sg) 2.23 2.41 2.62 3.57
Skewness (sk) -0.340 -0.162 -0.247 -0.247
Fecal coliform
bacteria 3





Foglepole Illinois Krueger-Dry Stemler
Parameter Cave Caverns Run Cave Cave
Gammarus











































































Foglepole Illinois Krueger-Dry Stemler








Size4 (km2) 18.51 5.44 13.99 18.51
Cave Length5 (km) 24+ 8.8 -11 1.8
1Primarily Caecidotea brevicauda
2Gravel metrics (D16 , Dso, D84, dg, mg, sg, sk) are not representative of entire cave, only of sampling
site, and the same may be true of the invertebrate samples, as they were collected only in one area in
each cave
3Taylor et al. (2000)
4Aley et al. (2000), includes entire basin from resurgence springs
5Webb et al. (1998)
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Table 2. Descriptive statistics used in the analysis of substrate size class data from Hess and Surber
samples (Folk 1980, Inman 1952, Kondolf 1997, Kondolf and Li 1992, Vanoni 1975).
Statistic Description
D50 Median grain diameter (mm)
84,DI6 Grain diameter (mm) at which 84% (D84) and 16% (D16 )
of the grain diameters are smaller.




Graphic mean diameter (mm) =
(D16 * Do * D84) 0.333
Geometric sorting index = (D8 4 / D16)°' 5
This index reflects how well sorted the grains are. A
high sg value indicates poorly sorted material.
Skewness = log(dg / D5o) / log(sg)
This index reflects how symetrical the distribution of
grain sizes is around the median.
Table 3. Mean head lengths (mm) and precentages of individuals selecting each gravel size class in
choice experiment.
Gravel Size Class (mm)
Species 2.36 to <4.75 4.75 to <12.7 12.7 to <25.4 25.4 to <50.8
Gammarus acherondytes
head length 0.93039 0.86130 0.85195 0.90031
percent of individuals 9.76 12.20 39.84 38.21
sample size (N=123) 12 15 49 47
Gammarus troglophilus
head length 1.4645 1.8950 1.7713 1.8542
percent of individuals 1.93 8.70 39.13 50.24
sample size (N=207) 4 18 81 104
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Table 4. Correlation coefficients (r), squared correlation coefficients (r2), and probability associated
with the correlation coefficient 1, within size classes, between volume of cave stream gravel and gravel
count or weight. Based on N=7 samples per gravel size class.
Gravel volume (mm3) versus
Weight (grams) Count
Gravel size
class (mm) r r2  P r r2  P
<2.36 0.9144 0.8361 0.0039 0.9145 0.8363 0.0039
>2.36 0.9638 0.9289 0.0005 0.9637 0.9288 0.0005
>4.75 0.9987 0.9974 <0.0001 0.9228 0.8515 0.0031
>12.7 0.9818 0.9639 <0.0001 0.5829 0.3398 0.1696
>25.4 0.9781 0.9566 0.0001 0.9817 0.9638 <0.0001
>50.8 0.9852 0.9707 <0.0001 0.6586 0.4337 0.1077
'Probabilty of obtaining an r value as big as the reported value or larger by chance alone (that is, if the
variables were not actually correlated)
Table 5. Correlation coefficients (r), squared correlation coefficients (r2), and probability associated
with the correlation coefficient' for amphipod size (as measured by head length in mm) and gravel
variables (D16, D50 , D84, mg - see Table 2) and/or time (month, as 1-12) for important (P < 0.05)
variables in forward stepwise regression by species and cave (Table 6).
Species Site Variable r r2  P
Gammarus troglophilus
Fogelpole Cave month 0.5231 0.2736 <0.0001
D16 0.2280 0.0520 0.0002
Illinois Caverns mg -0.4005 0.1604 0.0189
Krueger-Dry Run Cave D16  0.5615 0.3153 0.0081
Stemler Cave month 0.3600 0.1296 <0.0001
Gammarus acherondytes
Fogelpole Cave month 0.4726 0.2234 0.0014
D84  0.1983 0.0393 0.2024
D50  0.0914 0.0084 0.5600
Crangonyx forbesi
Krueger-Dry Run Cave month 0.5715 0.3266 0.0028
Dso 0.5388 0.2903 0.0045
'Probabilty of obtaining an r value as big as the reported value or larger by chance alone (that is, if the
variables were not actually correlated)
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Table 6. Forward stepwise regression examining the ability of gravel variables (D16, D50, D84 , dg,
mg, sg, and sk - see Table 2) and time (month, as 1-12) to predict amphipod size (as measured by
head length in mm) by species and cave. For each cave, only taxa for which twenty or more




Species Site Variable Model Partial R2  Model R2  F P>F
Gammarus troglophilus
Fogelpole Cave
month 1 0.2738 0.2738 99.90 <0.0001
D16 2 0.0138 0.2876 5.13 0.0243
dg 3 0.0016 0.2892 0.60 0.4399
D84  4 0.0255 0.3147 9.74 0.0020
sg 5 0.0107 0.3254 4.14 0.0428
Illinois Caverns
mg 1 0.1604 0.1604 6.11 0.0189
month 2 0.0765 0.2369 3.11 0.0877
sg 3 0.0321 0.2691 1.32 0.2600
sk 4 0.0200 0.2891 0.82 0.3737
dg 5 0.0310 0.3201 1.28 0.268
D16 6 0.0163 0.3364 0.66 0.4223
D84 7 0.0121 0.3485 0.48 0.4941
Krueger-Dry Run Cave
D16 1 0.3153 0.3153 8.75 0.0081
sk 2 0.0864 0.4018 2.60 0.1242
month 3 0.0535 0.4553 1.67 0.2134
Stemler Cave
month 1 0.1256 0.1256 24.30 <0.0001
dg 2 0.0134 0.1391 2.62 0.1077
D5o 3 0.0190 0.1581 3.78 0.0536
sk 4 0.0142 0.1723 2.86 0.0929
D16 5 0.0104 0.1827 2.10 0.1494
mg 6 0.0070 0.1897 1.42 0.2352
sg 7 0.0092 0.1989 1.86 0.1740












































































































Table 7. Forward stepwise regression examining the ability of gravel variables (D16, Dso, D84 , dg,
mg, sg, and sk - see Table 2) and densities of invertebrate taxa (Table 13) to predict Gammarus
acherondytes density by cave. Only caves in which twenty or more specimens of Gammarus




Site Variable Model Partial R2  Model R2  F Prob>F
Fogelpole Cave
Gammarus troglophilus density 1 0.5892 0.5892 117.6 <0.0001
Isopoda density 2 0.0154 0.6045 3.15 0.0798
Coleoptera density 3 0.0064 0.6109 1.32 0.2545
Decapoda density 4 0.0066 0.6175 1.36 0.2466
D84  5 0.0051 0.6227 1.06 0.3060
Oligochaeta density 6 0.0062 0.6289 1.29 0.2605
Chironomidae density 7 0.0039 0.6327 0.8 0.3730
Undetermined Amphipoda density 8 0.004 0.6368 0.83 0.3655
Hirudinea density 9 0.0035 0.6403 0.72 0.3981
dg 10 0.0031 0.6434 0.63 0.4290
Turbellaria density 11 0.0035 0.6469 0.71 0.4007
Illinois Caverns
Gammarus troglophilus density 1 0.0895 0.0895 7.87 0.0063
Undetermined Amphipoda density 2 0.0859 0.1754 8.23 0.0053
Chironomidae density 3 0.0616 0.2370 6.29 0.0142
D 4 0.0263 0.2633 2.75 0.1011
Crangonyxforbesi density 5 0.0228 0.2861 2.42 0.1238
sk 6 0.011 0.2971 1.18 0.2812
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Table 8. Correlation coefficients (r), squared correlation coefficients (r2), and probability associated
with the correlation coefficient' for Gammarus acherondytes density and densities of other
invertebrate taxa found to be important (P < 0.05) variables in forward stepwise regression, by cave
(Table 7).
Site Variable r r2  P
Fogelpole Cave
Gammarus troglophilus density 0.7676 0.5892 <0.0001
Illinois Caverns
Gammarus troglophilus density 0.3018 0.0911 0.0053
Undetermined Amphipod density -0.0711 0.0055 0.5202
Chironomidae density 0.2456 0.0603 0.0243
'Probabilty of obtaining an r value as big as the reported value or larger by chance alone (that is, if the
variables were not actually correlated)
Table 9. Summary of average head lengths (mm) of amphipods collected in substrate samples from
April 1999-March 2000. Heads of some specimens could not be reliably measured because of
damage, and those animals are not included here.
Taxon Site N Mean Std. Dev.
Crangonyxforbesi Fogelpole Cave 3 0.78 0.09
Illinois Caverns 1 0.21
Krueger-Dry Run Cave 25 0.85 0.24
Stemler Cave 25 0.84 0.52
Gammarus acherondytes Fogelpole Cave 43 0.53 0.20
Illinois Caverns 32 0.73 0.26
Krueger-Dry Run Cave 5 0.77 0.07
Gammarus troglophilus Fogelpole Cave 268 0.82 0.39
Illinois Caverns 34 1.14 0.54
Krueger-Dry Run Cave 21 1.15 0.34
Stemler Cave 173 0.75 0.38
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Table 10. Summary of size (mm) and numbers of ova in ovigerous female amphipods. Data suggest
that either ova are released during preservation and/or reproductive rates are relatively low. No
ovigerous Gammarus acherondytes were documented in our samples.
Head Number
Species Date Length of Ova
Bactrurus brachycaudus 02 Mar 2000 1.2
Crangonyxforbesi 04 Feb 2000 1.57
Gammarus troglophilus 06 Apr 1999 1.72
02 Aug 1999 1.44
04 Oct 1999 1.33 16+
06 Oct 1999 1.47
06 Oct 1999 1.48 1
01 Dec 1999 1.72 11+
05 Jan 2000 1.82 20+
05 Jan 2000 1.45 15+
04 Feb 2000 1.28 3
Table 11. Comparison of levels of community parameters among four caves. The test is the
nonparametric Kruskal-Wallis Rank Sum Test (X2 approximation, df=3). Means with the same letter




Fogelpole Illinois Dry Run Stemler Test Significant
Parameter Cave Caverns Cave Cave Value P>X2 Differences
Species Diversity 0.289 0.114 0.160 0.246 42.151 0.0000 Yes




Evenness 0.222 0.088 0.123 0.189 42.163 0.0000 Yes
(J') 84 84 84 77
A B A A
Species Richness 2.714 1.250 2.250 2.169 49.026 0.0000 Yes
(n) 84 84 84 77
A B A A
Gammarus :
troglophilic 0.179 0.642 0.503 0.558 20.4131 0.0001 Yes




Table 12. Comparison of levels of community parameters in relation to the presence or absence of
















































82 -8.4211 0.0000 Yes
82 -8.4268 0.0000 Yes
82 -6.7547 0.0000 Yes
62 -5.4865 0.0000 Yes
82 -3.7447 0.0003 Yes





























































57 -4.9980 0.0000 Yes
75 -4.4521 0.0000 Yes
75 -4.4557 0.0000 Yes





































































































1Two-Sample t-Test with t statistic given, except that for Gammarus troglophilus in Stemler Cave and
Gammarus acherondytes in Fogelpole Cave, the Gammarus:troglophilic Caecidotea Ratio a Wilcoxon
rank-sum test was used with Z statistic given
2Not tested, inadequate sample size




Table 13. Average number of animals per m2 (N=7 samples/month/cave) for all taxa in cave stream
substrate.
Cave
Taxon Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Avg
Fogelpole Cave
Isopoda' 166.11 284.05 192.69
G. troglophilus 23.26 41.53 201.00















































































































































































































0.00 71.43 6.64 18.43 7.68 0.00 4.61
3.32 16.61 1.66 9.22 0.00 4.61 0.00
11.63 54.82 9.97 4.61 6.14 0.00 3.07

















0.00 1.54 0.00 0.00
0.00 0.00 0.00 0.00
1.54 0.00 0.00 0.00
1.54 0.00 0.00 0.00
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00
1.54 0.00 0.00 0.00
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00





















9.22 3.07 6.14 10.99
3.07 6.14 1.54 4.10
6.14 6.14 3.07 8.93
3.07 0.00 0.00 4.36
1.54 0.00 0.00 0.26
0.00 0.00 0.00 0.00
0.00 0.00 1.54 3.16
1.54 0.00 0.00 0.67
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.13
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.42
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00
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Table 13. Continued.





















1.66 290.70 137.87 413.21 347.16 107.53 75.27 132.10 130.57 242.70 116.74 58.37171.16
1.66 13.29 0.00 1.54 4.61
1.66 59.80 3.32 32.26 4.61
3.32 1.66 0.00 0.00 0.00
0.00 11.63 0.00 3.07 1.54
0.00 4.98 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00
0.00 39.87 0.00 0.00 3.07
0.00 0.00 0.00 0.00 0.00
0.00 8.31 0.00 13.82 3.07
0.00 0.00 0.00 0.00 0.00
0.00 88.04 4.98 1.54 0.00
0.00 0.00 0.00 0.00 0.00
0.00 0.00 1.66 0.00 0.00
0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00
0.00 1.66 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00
1.54 0.00 0.00 1.54
0.00 3.07 1.54 1.54
0.00 0.00 0.00 4.61
1.54 1.54 3.07 16.90
0.00 0.00 0.00 0.00
0.00 0.00 1.54 0.00
3.07 1.54 0.00 0.00
0.00 0.00 0.00 0.00
3.07 3.07 1.54 1.54
0.00 0.00 0.00 0.00
0.00 0.00 3.07 0.00
0.00 0.00 0.00 0.00
1.54 1.54 0.00 0.00
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00
3.07 0.00 1.54 0.00

































































. 127.91 49.83 47.62 35.33 15.36 1.54
. 93.02 18.27 27.65 33.79 15.36 9.22
. 162.79 124.58 12.29 19.97 0.00 0.00
. 0.00 0.00 0.00 0.00 0.00 0.00
. 4.98 0.00 6.14 4.61 0.00 1.54
. 0.00 0.00 0.00 0.00 0.00 0.00
. 54.82 41.53 0.00 0.00 0.00 0.00
. 6.64 1.66 0.00 0.00 0.00 0.00
. 0.00 0.00 0.00 0.00 0.00 0.00
. 0.00 0.00 0.00 0.00 0.00 0.00
. 1.66 0.00 0.00 0.00 0.00 0.00
. 0.00 0.00 0.00 0.00 0.00 0.00
. 0.00 0.00 0.00 0.00 0.00 0.00
. 0.00 0.00 0.00 0.00 0.00 0.00
. 0.00 6.64 0.00 3.07 0.00 0.00
. 8.31 3.32 0.00 0.00 0.00 0.00
. 0.00 0.00 0.00 0.00 0.00 0.00
. 0.00 0.00 0.00 0.00 0.00 0.00
. 0.00 0.00 0.00 0.00 0.00 0.00
. 0.00 0.00 0.00 0.00 0.00 0.00




















10.75 21.51 12.29 21.82
9.22 67.59 16.90 34.96
0.00 0.00 0.00 0.00
1.54 4.61 6.14 2.72
0.00 0.00 0.00 0.00
0.00 9.22 0.00 8.92
0.00 1.54 0.00 0.82
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.14
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.81
0.00 0.00 0.00 0.97
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00





'Isopoda are almost exclusively Caecidotea brevicauda; 2Values for Oligochaeta represent counts of whole individuals
plus fragments, so this group may be less dominant than is suggested here; 3Undtermined individuals; 4No sampling was
done in April, 1999, in Stemler Cave
Table 14. Co-occurence of amphipod and isopod taxa in quantitative cave stream samples in four
caves across one year sampling period. When expected co-occurence frequency could be calculated,
it is given in parentheses, and when the observed value was less than expected, these numbers are in
bold italics.
Frequency of Occurrence by Cave2





















































































































































































'l=present, 0=absent; 2FOG=Fogelpole Cave (n=84), ILC=Illinois Caverns (n=84), KDR=Krueger-
Dry Run Cave (n=84), STM=Stemler Cave (n=77); 3Fisher's Exact Test, two tailed (not tested for
species pairs in Stemler Cave that include Gammarus acherondytes); significant results are in bold







Figure 1. Location of study sites (from Taylor et al. [2000]). Cave drainage basins are from Aley et















Figure 2. Percent of maximum cave stream stage during monthly (1999 - 2000) sampling at four
caves. From Taylor et al. (2000).
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Head Length (mm)
Figure 3. Frequency distribution of head sizes of amphipods used in gravel choice experiment at
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Figure 4. Correlations among the various gravel metrics (Table 2) by cave across all sample replicates
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Figure 5. Correlation between gravel volume and gravel counts. Gravel size classes (mm): A, <2.36;
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Figure 6. Correlation between gravel volume and gravel weight. Gravel size classes (mm): A,






























June August October December February
July September November January March
Figure 7. Variation in size of Gammarus troglophilus in Fogelpole Cave (1999-2000). Bubble size












June August October December February
July September November January March
Figure 8. Variation in size of Gammarus troglophilus in Illinois Caverns (1999-2000). Bubble size
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July September November January March
August October December February
Figure 9. Variation in size of Gammarus troglophilus in Krueger-Dry Run Cave (1999-2000).





May July September November January March
June August October December February
Figure 10. Variation in size of Gammarus troglophilus in Stemler Cave (1999-2000). Bubble size

























May July September November January
June August October December February
Figure 11. Variation in size of Gammarus acherondytes in Fogelpole Cave (1999-2000).











September November January March
August October December February
Figure 12. Variation in size of Crangonyxforbesi in Krueger-Dry Run Cave (1999-2000). Bubble



























June August October December February
July September November January March
Figure 13. Scatter plot of head length by month for Gammarus troglophilus collected in quantitative
samples in all four caves (1999-2000). Line is LOESS smoothed curve fit.
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Figure 14. Scatter plot of head length by month for Gammarus acherondytes collected in quantitative
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June August October December February
July September November January March
Figure 15. Scatter plot of head length by month for Crangonyxforbesi collected in quantitative
samples in all four caves (1999-2000). Line is LOESS smoothed curve fit.
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Figure 16. Average number of animals per m2 (N=7 samples/month/cave) for all taxa in cave stream



















Figure 17. Average number of animals per m2 (N=7 samples/month/cave) for all taxa in cave stream










Figure 18. Average number of animals per m2 (N=7 samples/month/cave) for all taxa in cave stream




Figure 19. Average number of animals per m2 (N=7 samples/month/cave) for all taxa in cave stream
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Gammarus acherondytes density (number/sq. meter)
Figure 20. Scatter plot of correlation between density of Gammarus acherondytes and Gammarus
troglophilus in Fogelpole Cave (April 1999-March 2000).
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Figure 21. Scatter plot of correlation between density of Gammarus acherondytes and Gammarus






























Fogelpole Cave Illinois Caverns Krueger-Drg Run Cave Stemler Cave
Figure 22. Average proportions of numbers of individuals for all taxa across the one year (April
1999-March 2000) sampling period (N=84 samples per cave, except that the Stemler Cave N=77) in
Surber and Hess cave stream substrate samples. Values for Oligochaeta represent counts of whole
individuals plus fragments, so this group may be less dominant than is suggested here. Isopoda are
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Figure 23. Frequency distribution of amphipod sizes by species across all four caves.
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Figure 24. Size of adult amphipods compared by sex for Gammarus troglophilus and Gammarus
acherondytes across all four caves. The sample size of adults for Gammarus acherondytes was small
enough that the typical relationship between sex and size (males larger) may be obscured by random












Figure 25. Hydrogen ion concentration (as pH) during monthly (1999 - 2000) sampling at Illinois
Caverns ( ), Krueger-Dry Run Cave ( ), Fogelpole Cave ( ), and
Stemler Cave ( ). From Taylor et al. (2000).
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Figure 26. Correlations among pH, specific conductance (gS/cm), total dissolved solids (ppm), and
nitrate nitrogen (ppm) for twelve monthly samples (February 1999 - January 2000) from four caves.

























Figure 27. Correlations between time of year, selected population metrics and amphipod density















FOG ILC KDR STM
a derivative of species diversity (H') compared across the four caves for all
FOG ILC KDR STM







FOG ILC KDR STM
Figure 30. The Gammarus : troglophilic Caecidotea ratio compared across the four caves for all
samples.
54




Aley, T., P. Moss, and C. Aley. 2000. Delineation of recharge areas for four biologically significant
caves in Monroe and St. Clair counties, Illinois. Ozark Underground Laboratory report to the Illinois
Nature Preserves Commission and the Monroe County Soil and Water Conservation District. 254 pp.
+ appendices and maps.
Bechler, D. L. 1985. Structure and foraging behavior in hypogean crustacean assemblages.
Hydrobiologia 127:203-211.
Bousfield, E. L. 1958. Freshwater amphipod crusatceans of glaciated North America. Canadian
Field Naturalist 72:55-113.
Boyle, T. P., G. M. Smillie, J. C. Anderson, and D. R. Beeson. 1990. A sensitivity analysis of
nine diversity and seven similarity indicies. Research Journal of the Water Pollution Control
Federation 62(6):749-762.
Brehm, V. J. and M. P. D. Meijering. 1982. Zur saiure-empfindlichkeit ausgewahlter sti3wasser-
krebse (Daphnia und Gammarus, Crustacea). Archive fuir Hydrobiologia 95:17-27.
Canton, S. T. and J. W. Chadwick. 1984. A new modified Hess sampler. Progressive Fish
Culturalist 46:57-59.
Church, M. A., D. G. McLean, and J. F. Wolcott. 1987. River bed gravels: Sampling and analysis.
Pages 43-47 in C. R. Thorne, J. C. Bathurst, and R. D. Hey (eds.). Sediment transport in Gravel-
bed Rivers. John Wiley and Sons, Chichester, England.
Cole, G. A. 1970. Gammarus minus: Geographic variation and description of new subspecies G.m.
pinnicollis (Crustacea, Amphipoda). Transactions of the American Microscopical Society 89:514-523.
Culver, D. C. 1970. Analysis of simple cave communities: niche separation and species packing.
Ecology 51(6):949-958.
Culver, D. C. 1971. Analysis of simple cave communities III. Control of abundance. American
Midland Naturalist 85(1):173-187.
Culver, D. C. 1973. Competition in spatially heterogeneous systems: an analysis of simple cave
communities. Ecology 54:102-110.
Culver, D. C. 1981. The effects of competition on composition of some cave stream communities.
Proceedings of the Eighth International Congress of Speleology, Bowling Green, KY 1:207-209.
Culver, D. C. 1982. Cave Life, Evolution and Ecology. Harvard University Press, Cambridge,
Massachusetts. 189 pp.
Culver, D. C. 1987. Eye morphometrics of cave and spring populations of Gammarus minus.
Journal of Crustacean Biology 7(1): 136-147.
Culver, D. C and T. J. Ehlinger. 1980. The effects of microhabitat size and competitor size on two
cave isopods. Brimleyana 4:103-113.
Culver, D. C. and D. W. Fong. 1991. Species interactions in cave stream communities:
experimental results and microdistribution effects. American Midland Naturalist 126:364-379.
55
Culver, D. C., D. W. Fong, and R. W. Jernigan. 1991. Species interactions in cave stream
communities: experimental results and microdistribution effects. American Midland Naturalist
126:364-379.
Culver, D. C., W. K. Jones, and J. R. Holsinger. 1992. Biological and hydrological investigation
of the Cedars, Lee County, Virginia: An ecologically significant and threatened karst area. Pages 281-
290 in: J. A. Stanford and J. J. Simons (eds.). Proceedings of the 1st International Conference on
Ground Water Ecology.
Culver, D. C., R. W. Jernigan, J. O'Connell, and T. C. Kane. 1994. The geometry of natural
selection in cave and spring populations of the amphipod Gammarus minus Say (Crustacea:
Amphipoda). Biological Journal of the Linnean Society 52(1): 49-67.
Culver, D. C., T. C. Kane, and D. W. Fong. 1995. Adaptation and Natural Selection in Caves: the
Evolution of Gammarus minus. Harvard University Press, Cambridge, Massachusetts. 223 pp.
Dahl, J. and L. Greenberg. 1996. Effects of habitat structure on habitat use by Gammarus pulex in
artificial streams. Freshwater Biology 36:487-495.
Dickson, G. W. and J. R. Holsinger. 1981. Variation among populations of the troglobitic
amphipod crustacean Crangonyx antennatus Packard (Crangonyctidae) living in different habitats, III:
population dynamics and stability. International Journal of Speleology 11:33-48.
Elliott, W. R. 2000. Conservation of the North American cave and karst biota. Pages 665-689 In
Wilkens, H., D. C. Culver, and W. F. Humphreys (eds.). Subterranean Ecosystems. Ecosystems of
the World, 30. Elsevier, Amsterdam. xiv + 791 pp.
Folk, R. L. 1980. Petrology of Sedimentary Rocks. Hemphill, Austin, Texas. 182 pp.
Fong, D. W. 1989. Morphological evolution of the amphipod Gammarus minus in caves:
quantitative genetic analysis. American Midland Naturalist 121:361-378.
Frankie, W. T., D. A. Grimley, R. J. Jacobson, R. D. Norby, S. V. Panno, M. A. Philips, J. E.
Hofmann, and M. R. Jeffords. 1997. Guide to the Geology of the Columbia and Waterloo Area,
Monroe County, Illinois. Field Trip Guidebook 1997A, April 19, 1997. Department of Natural
Resources, Illinois State Geological Survey, Champaign, Illinois. 99 pp.
Frasz, G. B. 1983. The land and the caves. NSS [National Speleological Society] News. February
72-76.
Gee, J. H. R. 1979. A comparison of gravimetric and photographic methods of stream substrate
analysis in a study of benthos microdistribution. Oikos 33:74-79.
Gee, J. H. R. 1982. Resource utilization by Gammarus pulex (Amphipoda) in a Cotswold stream: a
microdistribution study. Journal of Animal Ecology 51:817-832.
Ginet, R. 1960. Ecologie, ethologie et biologie de Niphargus (Amphipodes, Gammarides hypoges).
Annales de Speleologie 15:127-376.
Gooch, J. L. and S. W. Hetrick. 1979. The relation of genetic structure to environmental structure:
Gammarus minus in a karst area. Evolution 33:192-206.
Glazier, D. S., M. T. Homrne, and M. E. Lehman. 1992. Abundance, body composition and
reproductive output of Gammarus minus (Crustacea: Amphipoda) in ten cold springs differing in pH
and ionic content. Freshwater Biology 28:149-163.
56
Gooch, J. L. and J. S. Wiseman. 1980. Morphological and habitat variability in Gammarus minus
Say (Amphipoda: Gammaridae). Brimleyana 4:133-147.
Graga, M. A. S., L. Maltby, and P. Calow. 1994. Comparative ecology of Gammarus pulex (L.)
and Asellus aquaticus (L.) I: population dynamics and microdistribution. Hydrobiologia 281:155-
162.
Hargeby, A. and R. C. Petersen, Jr. 1988. Effects of low pH and humus on the survivorship,
growth and feeding of Gammarus pulex (L.) (Amphipoda). Freshwater Biology 19:235-247.
Hobbs, H. H., III. 1992. Caves and springs. Pages 59-131 in C. T. Hackney, S. M. Adams, W.
H. Martin (eds.). Biodiversity of the Southeastern United States. Aquatic Communities. John Wiley
& Sons, New York. xiii + 779 pp.
Hoey, M. A. 1976. Pollution of karst waters in the Bloomington area. Bloomington Indiana Grotto
Newsletter 12(3):19-21.
Holsinger, J. R. 1969. Biogeography of the freshwater amphipod crustaceans (Gammaridae) of the
Central and Southern Appalachians, Pages 19-50 In: P.C. Holt, Ed. The Distributional History of the
Biota of the Southern Appalachians. Part I: The Invertebrates. Virginia Polytechnic Institute Press,
Research Division Monographs, Blacksburg, Virginia.
Holsinger, J. R., R. A. Baroody, and D. C. Culver. 1975. The invertebrate cave fauna of West
Virginia. West Virgina Speleological Survey Bulletin no. 7.
Holsinger, J. R. 1976. The freshwater amphipod crustaceans (Gammaridae) of North America.
Water Pollution Control Research Series 18050 ELD04/72 (second printing). 89pp.
Holsinger, J. R. and D. C. Culver. 1970. Morphological variation in Gammarus minus Say
(Amphipoda, Gammaridae), with emphasis on subterranean forms. Postilla 146:1-24.
Holsinger, J. R. and C. H. Holsinger. 1971. Observations on the population ecology of the
caverniculous amphipod crustacean Crangonyx antennatus Packard. Virginia Journal of Science 27:97
(abstr.).
Howe, G. E., L. L. Marking, T. D. Bills, J. J. Rach, and F. L. Mayer, Jr. 1994. Effects of water
temperature and pH on toxicity of terbufos, trichlorfon, 4-nitrophenal and 2,4-dinitrophenol to the
amphipod Gammarus pseudolimnaeus and rainbow trout (Oncorhynchus mykiss). Environmental
Toxicology and Chemistry 13:51-66.
Hubricht, L. and J. G. Mackin. 1940. Descriptions of nine new species of freshwater amphipod
crustaceans with notes and new localities for other species. American Midland Naturalist 23:187-218.
Hynes, H. B. N. 1954. The ecology of Gammarus duebeni Lilljeborgi and its occurrence in
freshwaters in western Britain. Journal of Animal Ecology 23:38-48.
Inman, D. L. 1952. Measures for describing the size distribution of sediments. Journal of
Sedimentary Petrology 22:125-145.
Jenio, F., Jr. 1972. The Gammarus of Elm Spring, Union County, Illinois (Amphipoda:
Gammaridae). Ph.D. Dissertation, Southern Illinois University at Carbondale, Carbondale, IL. x +
182 pp.
Jenio, F., Jr. 1980. The life-cycle and ecology of Gammarus troglophilus Hubricht and Mackin.
Crustaceana (Supplement) 6:204-215.
57
Jones, R. 1990. Evolution of cave and surface populations of the amphipod Gammarus minus.
Ph.D. Dissertations. Northwestern Univeristy, Evanston, Illinois.
Kane, T. C., and D. C. Culver. 1991. The evolution of troglobites Gammarus minus (Amphipoda:
Gammaridae) as a case study. Memoires de Biospeologie 18(0): 3-14.
Kellerhals, R. and D. I. Bray. 1971. Sampling procedures for coarse fluvial sediments. Journal of
the Hydraulics Division of the American Society of Civil Engineers 97(HY8):1165-1179.
Kondolf, G. M. 1997. Applications of the pebble count: notes on purpose, method, and variants.
Journal of the American Water Resources Association 33:79-87.
Kondolf, G. M. and S. Li. 1992. The pebble count technique for quantifying surface bed material
size in instream flow studies. Rivers 3(2):80-87.
Koop, J. H. E. and M. K. Grieshaber. 2000. The role of ion regulation in the control of the
distribution of Gammarus tigrinus (Sexton) in salt-polluted rivers. Journal of Comparative
Physiology B 170:75-83.
Kostalos, M. S. 1979. Life history and ecology of Gammarus minus Say (Amphipoda,
Gammaridae). Crustaceana 37:113-122.
Kostalos, M. S. and R. L. Seymour. 1976. Role of microbial enriched detrius in the nutrition of
Gammarus minus (Amphipoda). Oikos 27:512-516.
Lewis, J. J., P. Moss, and D. Tecic. 1999. A conservation focused evaluation of the imperiled
troglobitic fauna of the sinkhole plain karst of southwestern Illinois. Final report. The Nature
Conservancy. 97 pp.
Libra, R. D., G. R. Hallberg, B. E. Hoyer, and L. G. Johnson. 1986. Agricultural impacts on
ground water quality: The Big Spring basin study, Iowa--agricultural impacts on ground water
(Omaha, NE). Pages 253-273 in: Proceedings, National Water Well Association, Dublin, OH.
MacArthur, R. H. and E. 0. Wilson. 1967. The theory of island biogeography. Princeton
University Press, New Jersey.
Macek, K. J., K. S. Buxton, S. Sauter, S. Bnilka, and J. W. Dean. 1976. Chronic toxicity of
atrazine to selected aquatic invertebrates and fishes. EPA-600/3-76-047. Environmental Research
Laboratory--Duluth, U.S. Environmental Protection Agency, Duluth, MN. As reported in: Pesticide
background statements, Volume 1. Herbicides. U. S. Forest Service. 1984. Agriculture Handbook
#633. Washington, D.C.
MacNeil, C., J. T. A. Dick, and R. Elwood. 1997. The trophic ecology of freshwater Gammarus
spp. (Crustacea: Amphipoda): problems and perspectives concerning the functional feeding group
concept. Biological Reviews 72:349-364.
Malard, F., J. Mathieu, J. L. Reygrobellet, and M. Lafont. 1996. Biomonitoring groundwater
contamination: Application to a karst area in southern France. Aquatic Sciences 58(2):158-187.
Man, Z. 1991. Life history variation among spring-dwelling populations of Gammarus minus. M.S.
Thesis, American University, Washington, D.C. vi + 27 pp.
Marchant, R. and H. B. N. Hynes. 1981. The distribution and production of Gammarus
pseudolimnaeus (Crustacea: Amphipoda) along a reach of the Credit River, Ontario. Freshwater
Biology 11:169-182.
58
MathSoft. 1999. S-Plus 2000 User's Guide. MathSoft, Inc. Seattle, Washington. 558 pp.
Miller, J. D. and A. L. Buikema. 1977. The effect of substrate on the distribution of the spring form
(form III) of Gammarus minus Say, 1818. Crustaceana (Supplement) 4:153-163.
Minshall, G. W. 1984. Aquatic insect-substratum relationships. Pages 358-400 In: V. H. Resh and
D. M. Rosenberg (eds.). The Ecology of Aquatic Insects. Praeger, New York. 625 pp.
Morgan, M. A. and P. M. J. Woodhead. 1984. The life history and sexual biology of Pseudunciola
obliquua (Crustacea: Amphipoda) in the New York Bight. Estuarine, Coastal and Shelf Science
18(6):639-650.
Mortensen, E. 1982. Production of Gammarus pulex L. (Amphipoda) in a small Danish stream.
Hydrobiologia 87:77-82.
Naylor, C., L. Pindar, and P. Calow. 1990. Inter- and intraspecific variation in sensitivity to toxins;
the effects of acidity and zinc on the freshwater crustaceans Asellus aquaticus (L.) and Gammarus
pulex (L.). Water Research 24(6):757-762.
Obrdlik, P. 1972. A population of Rivulogammarusfossarum Koch in a small fishless stream.
Hydrobiologia 40:279-295.
Panno, S. V., C. P. Weibel, I. G. Krapac, and E. C. Storment. 1997. Bacterial contamination of
groundwater from private septic systems in Illinois' sinkhole plain: regulatory considerations. Pages
443-447 in B. F. Beck and J. B. Stephenson (eds.). The engineering geology and hydrology of karst
terranes. Proceedings of the sixth multidisciplinary conference on sinkholes and the engineering and
environmental impacts of karst. Springfield, Missouri. 6-9 April 1997. Balkema, Rotterdam.
Panno, S. V., I. G. Krapac, C. P. Weibel, and J. D. Bade. 1996. Groundwater contamination in
karst terrain of southwestern Illinois. Illinois State Geological Survey, Environmental Geology Series
Report 151:1-43.
Panno, S.V., C.P. Weibel, C.M. Wicks and J. E. Vandyke. 1999. Geology, hydrology and water
quality of the karst regions of southwestern Illinois and southeastern Missouri. Field Trip Guidebook
No. 2 for the 33rd Meeting of the North-Central Geological Society of America, Champaign-Urbana,
IL, April 22-23, 1999. Illinois State Geological Survey Guidebook 27, 38 pp.
Peck, S. B. and J. J. Lewis. 1978. Zoogeography and evolution of the subterranean invertebrate
faunas of Illinois and southeastern Missouri. NSS [National Speleological Society] Bulletin 40(2):39-
63.
Pielou, E. C. 1966. The measurement of diversity in different types of biological collections.
Journal of Theoretical Biology 13:131-144.
Paockl, M. 1993. Reproductive potential and lifetime potential fecundity of the freshwater amphipods
Gammarusfossarum and G. roeseli in Austrian streams and rivers. Freshwater Biology 30:73-91.
Poulson, T. L. 1991. Assessing groundwater quality in caves using indices of biological integrity.
Pages 495-511 in Proceedings of the Third Conference on Hydrology, Ecology, Monitoring and
Management of Groundwater in Karst Terrains. December 1991. Nashville, Tennessee.
Poulson, T. L. and W. B. White. 1969. The cave environment. Science 165:971-981.
Pringle, S. 1982. Factors affecting the microdistribution of different sizes of the amphipod
Gammarus pulex. Oikos 38:369-373.
59
Quinlan, J. F. and E. C. Alexander. 1987. How often should samples be taken at relevant locations
for reliable monitoring of pollutants from an agricultural, waste disposal, or spill site in a karst
terrain? A first approximation. Pages 277-286 in: B. F. Beck and W. L. Wilson (eds.). Karst Hydro-
geology: Engineering and Environmental Applications. Proceedings of the Second Multidisciplinary
Conference on Sinkholes and the Environmental Impacts of Karst, Orlando, FL. 429pp.
Rees, C. P. 1972. The distribution of the amphipod Gammarus pseudolimnaeus Bousfield as
influenced by oxygen concentation, substratum and current velocity. Transactions of the American
Microscopical Society 91:514-529.
SAS Institute. 1988. SAS/STAT user's guide, version 6, 4th ed. Vol. 2. SAS Institute, Cary,
North Carolina. 479 pp.
Shannon, C. E. 1948. A mathematical theory of communication. Bell Systems Technical Journal
27:379-423,623-656.
Shoemaker, C. R. 1940. Notes on the amphipod Gammarus minus Say and description of a new
variety Gammarus minus var. tinuipes. Journal of the Washington Academy of Science 30:388-394.
Shultz, G. A. 1970. Descriptions of new subspecies of Ligidium elrodii (Packard) comb. nov. with
notes on other isopod crustaceans from caves in north America (Oniscoidea). American Midland
Naturalist 84:36-45.
Simon, K. S. and A. L. Buikema. 1997. Effects of organic pollution on an Appalachian cave:
Changes in macroinvertebrate populations and food supplies. American Midland Naturalist
138(2):387-401.
Steele, V. J. and D. H. Steele. 1972. The biology of Gammarus (Crustacea, Amphipoda) in the
northwestern Atlantic. V. Gammarus oceanicus Segerstrale. Canadian Journal of Zoology 50:801-
913.
Sutcliffe, D. W. T. R. Carrick, and L. G. Willoughby. 1981. Effects of diet, body size, age and
temperature on growth rates in the amphipod Gammarus pulex. Freshwater Biology 11:183-214.
Taylor, S. J., D. W. Webb, and S. V. Panno. 2000. Spatial and temporal analyses of the bacterial
fauna and water, sediment, and amphipod tissue chemistry within the range of Gammarus
acherondytes. Illinois Natural History Survey, Center for Biodiversity, Technical Report 2000(18): 1-
115.
Uresk, D. W. 1967. The substrate preferences of aquatic insects in Trout Creek, Wasatch County,
Utah. MS Thesis, University of Utah, Salt Lake City, Utah. 42 pp.
U.S. Environmental Protection Agency (USEPA). 1988. Methods for the determination of organic
compounds in drinking water. Method 508. EPA/600/4-88/039. Cincinnati: USEPA, Environmental
Monitoring System Laboratory. Pp. 171-198.
U.S. Fish and Wildlife Service. 1988. Kentucky Cave Shrimp recovery plan. U.S. Fish and
Wildlife Service, Atlanta, Georgia. 47 pp.
U.S. Department of the Interior. 1983. Endangered and threatened wildlife and plants. Federal
Register 48:46337.
U.S. Department of the Interior. 1997a. Endangered and threatened wildlife and plants; proposed
rule to list the Illinois Cave Amphipod as endangered. Federal Register 62(144):40139-40325.
60
U.S. Department of the Interior. 1997b. Proposed Listing Rules: Illinois Cave Amphipod
(Gammarus acherondytes). Endangered Species Bulletin 22(5):24.
U. S. Department of the Interior. 1998. Endangered and threatened wildlife and plants; final rule to
list the Illinois Cave Amphipod as endangered. Federal Register 63(171): 46900-46910.
Vanoni, V. A. (ed.). 1975. Sedimentation Engineering. New York: American Society of Civil
Engineers. 745 pp.
Voelz, N. J. and J. V. McArthur. 2000. An exploration of factors influencing lotic insect species
richness. Biodiversity and Conservation 9:1543-1570.
Webb, D. W. 1995. Status report on the cave amphipod Gammarus acherondytes Hubricht and
Mackin (Crustacea: Amphipoda) in Illinois. Illinois Natural History Survey, Center for Biodiversity,
Technical Report 1995 (22): 1-22.
Webb, D. W., L. M. Page, S. J. Taylor, and J. K. Krejca. 1998. The current status of the Illinois
Cave Amphipod, Gammarus acherondytes Hubricht and Mackin (Crustacea: Amphipoda) and the
caves in which it is found. Journal of Cave and Karst Studies 60(3):172-178.
Webb, D. W., S. J. Taylor, and J. K. Krejca. 1994. The biological resources of Illinois' caves and
other subterranean environments. Illinois Natural History Survey, Center for Biodiversity, Technical
Report 1993(8):1-168.
Webb, D. W., M. J. Wetzel, P. C. Reed, L. R. Phillippe, and T. C. Young. 1996. Biodiversity,
hydrogeology, and water quality of 10 karst springs in the Salem Plateau Section of Illinois. Pp. 146-
185, In M. Davis, Editor. Research on agricultural chemicals in Illinois groundwater: Status and
future directions VI. Illinois Groundwater Consortium, Office of Research Development and
Administration, Southern Illinois University, Carbondale.
Weise, J. G. 1953. The life cycle and ecology of Gammarus troglophilus Hubricht and Mackin. MS
Thesis, Southern Illinois University, Carbondale, Illinois.
Whitehurst, I. T. 1991 la. The GammarusAsellus ratio as an index of organic pollution. Water
Research 25:333-339.
Whitehurst, I. T. 199 lb. The effects of sampling techniques on the GammarusAsellus ratio. Water
Research 25(6):745-748.
Whitehurst, I. T. and B. I. Lindsey. 1990. The impact of organic enrichment on benthic
macroinvertebrate communities of a lowland river. Water Research 24:625-630.
Wilhelm, F. M. and D. C. Lasenby. 1998. Seasonal trends in the head capsule length and body
length/weight relationships of two amphipod species. Crustaceana 71(4):399-410.
Wilhelm, F. M. and D. W. Schindler. 1996. Life at the top: the biology of the amphipod Gammarus
lacustris in alpine lakes. Research Links 4:7-11.
Wilhelm, F. M. and D. W. Schindler. 2000. Reproductive strategies of Gammarus lacustris
(Crustacea: Amphipoda) along an elevation gradient. Functional Ecology 14:413-422.
Williams, D. D., N. E. Williams and Y. Cao. 1997. Spatial differences in macroinvertebrate
community structure in springs in southeastern Ontario in relation to their chemical and physical
environments. Canadian Journal of Zoology 75:1404-1414.
61
Wolman, M. G. 1954. A method of sampling coarse river-bed material. Transactions of the
American Geophysical Union 35(6):951-956.
Zar, J. H. 1984. Biostatistical analysis, second edition. Prentice-Hall, Inc., Englewood Cliffs,
New Jersey. 718 pp.
62
